Abstract Haddad syndrome (congenital central hypoventilation syndrome and Hirschsprung's disease) is a rare disorder for which in-depth neuropathologic analysis is lacking. We report the brain findings in a full-term male infant with Haddad syndrome who died at 27 days of life. Bilateral hypoplasia of the superior temporal lobe and gyral anomalies in the frontal cortex were present. Immunohistochemistry with an antibody to tyrosine hydroxylase (noradrenaline synthesis) demonstrated hypoplasia of the locus coeruleus (implicated in chemoreception) and A5 region. Other findings included delayed maturation of the arcuate nucleus (putative human homologue of ventral medullary neurons in animals critical for chemoreception) and aberrant fascicles in the nucleus of the solitary tract.
Introduction
First reported by Haddad in 1978 [17] , the combination of congenital central hypoventilation syndrome (CCHS) and Hirschsprung's disease (HCSR) (variable aganglionosis of the gastrointestinal tract) is extremely rare with approximately 57 cases reported in the worldwide literature [1, 8, 17] . In CCHS, patients breathe with inadequate depth due to impaired sensitivity to hypercapnia and hypoxia; they also experience autonomic and affective abnormalities [1, 8, 14, 17, 37, 43, 45] . CCHS remains a diagnosis of exclusion in patients who clinically lack neuromuscular, pulmonary, cardiac, or currently identifiable brainstem disease as a clinical explanation for abnormal chemoreception [1] . Haddad syndrome (MIM 209880) is interpreted not so much as a combination of two diseases but rather as a complicated form fruste of CCHS in which severe enteric nervous system aberration is superimposed on the core phenotype of ventilatory disease; almost 20% of patients with CCHS have concomitant HCSR [8] . Autopsy studies of patients with Haddad syndrome or CCHS are few [4, 5, 13, 26] , in large part due to the rarity of clinically well-characterized cases that come to autopsy. In some cases, a brainstem lesion has been reported, i.e., neuronal depopulation and gliosis in the medullary tegmentum [26] and severe hypoplasia of the arcuate nucleus [13] . The latter lesion may contribute to impaired central chemoreception as the arcuate nucleus is postulated to contain neurons and glia, which are the human homologue of the respiratory chemosensitive fields for carbon dioxide monitoring in cats and rodents [12, 13, 33] . The paucity of comprehensive neuropathologic studies of patients with Haddad syndrome and CCHS prompted us to report a detailed neuropathologic study of a neonate with Haddad syndrome and well-documented central insensitivity to carbon dioxide.
A major advance in our understanding of CCHS is the discovery that mutations in the PHOX2B homeobox gene cause the majority of the cases [3, 29] and is critical for autonomic development [9, [34] [35] [36] 45] . Many patients with CCHS are heterozygous for a polyalanine expansion mutation in the second polyalanine repeat residue of PHOX2B, with one allele having 20 repeats and the affected allele having 25-33 repeats of the polyalanine sequence; in a small subset of patients, unique mutations in PHOX2B have been described [3, 38, 43, 46] . The PHOX2B gene maps to chromosome 4p12 and encodes a highly conserved homeobox transcription factor [43] . Homozygous Phox2b deficient mice embryos fail to form the hindbrain noradrenergic system, including the locus coeruleus (LC) [34] . All autonomic ganglia and the three cranial sensory ganglia that are part of the autonomic reflex circuits (visceral sensory ganglia of the seventh, ninth, and tenth cranial nerves) also fail to form properly [9, 36] . Moreover, the Phox2b knock-out mouse embryos lack peripheral nervous system expression of dopamine-beta-hydroxylase and tyrosine hydroxylase (TH), two genes encoding enzymes crucial for noradrenergic biosynthesis, supporting Phox2b as master regulator of central and peripheral noradrenergic differentiation [9, 34, 36] . In addition, the nucleus of the solitary tract, the vagal input of the autonomic nervous system, fails to form in homozygous Phox2b mouse mutant embryos [9] . Recently, absence of the retrotrapezoid nucleus, critical for chemoreception at the ventral surface of rats, was reported in Phox2b mouse knockouts [10, 16, 41] , although the human homologue of the retrotrapezoid nucleus has yet to be determined. In the present case, we sought to determine if the anomalies of the LC and nucleus of the solitary tract that have been reported in Phox2b mice are present in Haddad syndrome. In our case, autopsy permission was limited to the examination of the brain only and precluded examination of relevant sites in the peripheral nervous system.
Clinical history
This male infant was the 39 5/7 weeks product of a 23-year-old G2P2, Caucasian mother following an uneventful pregnancy. The patient was born by vaginal delivery under epidural anesthesia. APGAR scores were 8 and 8 at 1 and 5 min, respectively. Birth weight was 3,668 grams (50-75th percentile), length was 52 cm (75th percentile), and head circumference was 36 cm (50th percentile). Soon after delivery, the infant developed grunting and respiratory retractions and was admitted to the neonatal intensive care unit for respiratory distress. Initial oxygen saturation was 96% but decreased to the 60s when the infant cried or was placed on his back. The infant was transferred to another hospital for the placement of a tracheotomy tube and mechanical ventilation. Several attempts to discontinue mechanical ventilation were unsuccessful: whenever the ventilator rate was decreased, the infant's arterial carbon dioxide levels (PaCO 2 ) increased without an accompanying increase in the respiratory rate. Neonatal polysomnography demonstrated definite hypoventilation with increased PaCO 2 when asleep, as well as intermittent hypoventilation episodes when awake. The arterial PaCO 2 occasionally increased even on spontaneous intermittent mechanical ventilation at a rate of 30 breaths per minute, so the infant was kept on rates of 45-60 breaths per minute.
The infant appeared to have slightly dysmorphic features with prominent forehead and hypertelorism; he did not have the facial features described in CCHS in older patients, e.g., box-like facies, inferior inflection of the lateral segment of the vermillion border on the upper lip [42] . He had a right ptosis; pupils were 3.5 mm nonreactive to light. Fundoscopy revealed small optic discs bilaterally. The infant lacked blink to visual threat and corneal reflexes. There was bilateral facial weakness and a trace gag reflex. The tongue was midline without fasciculations. There was no suck reflex; the jaw had increased muscle tone. Motor examination revealed minimal spontaneous movements and mildly decreased muscle tone in the extremities. Deep tendon reflexes were 1? and symmetric in all extremities; Babinski sign was negative bilaterally. An electroencephalogram, head ultrasound, head and neck computerized tomogram were normal. A two-dimensional and Doppler echocardiogram revealed normal pulmonary and cardiac structure and function.
In addition to respiratory insufficiency with ventilatordependence, gastrointestinal dysfunction developed. Attempts to feed the infant were unsuccessful, leading to abdominal distension and high bilious output via the nasogastric tube. Thus, the infant was placed on total parenteral nutrition. Upper gastrointestinal series and small bowel follow-through studies were unremarkable. Rectal biopsy, however, revealed aganglionosis. At exploratory laparotomy, multiple biopsies of the gastrointestinal tract revealed ganglion cells first identified beginning 5 cm distal to the ligament of Treitz consistent with severe aganglionosis. Due to the combined severe respiratory and GI dysfunction, the infant was felt to have a very poor prognosis. The infant died shortly after withdrawal of the ventilator at 27 days of life. The parents donated the brain for research but a general autopsy was not performed.
Neuropathologic findings

Materials and methods
Tissue blocks of the entire brainstem, as well as multiple sections of cerebral cortex, periventricular white matter, deep cerebral gray matter structures, and cerebellum were embedded in paraffin, sectioned, and stained with hematoxylin-and-eosin/Luxol-fast-blue, as well as selected sections for immunostains for glial fibrillary acidic protein (GFAP) for reactive astrocytes and CD68 for reactive microglia. In addition, immunohistochemical analysis was performed on the serially sectioned brainstem of the patient (44 postconceptional weeks) and an age-related (52 postconceptional weeks) control infant in the rostral pons (region of the LC) and the caudal pons (region of A5) using a polyclonal rabbit TH antibody (AB#151, Chemicon Int. Temecula, CA, USA). Control sections were analyzed with omission of the primary antibody. Standard methods of immunocytochemistry were applied. The density of THimmunostained neurons in the LC was quantified using Neurolucida software in a sample of sections through the nucleus (n = 5 sections/case and control) (MicroBrightField Inc. Colchester, VT, USA). A boundary contour was drawn around the LC, and neurons defined by a nucleolus were counted. The volumetric density of neurons was calculated as the number of neurons per the area of the boundary contour of the LC multiplied by the number of sections. The same approach was applied to quantitation in A5 in which 5 sections were examined per case and control through the region.
Findings in the cerebral hemispheres
The unfixed brain weighed 508 g (expected for age: 380 g); the increased brain weight was attributed to agonal vascular congestion as macroscopic cerebral edema was not present. External examination of the brain revealed open opercula and bilaterally small superior temporal gyri (Fig. 1) ; the middle temporal gyrus was malformed as it was divided into two gyri posteriorly (Fig. 1) . The inferior temporal gyrus was unremarkable (Fig. 1) . The cerebellum structurally appeared of appropriate size relative to the cerebrum (Fig. 1 ). Giant sections of the cerebrum revealed hyperconvoluted, slightly broad gyri in the frontal cerebral cortex (Fig. 2) . Upon histological examination, the cortex demonstrated focal areas of irregular thickness and lamination with fused and shallow gyri (Fig. 2) . The cytoarchitecture, however, of the temporal lobe gyri was unremarkable. Interstitial white matter neurons did not appear excessive in number by qualitative assessment. In the right parietooccipital region, there was periventricular leukomalacia (PVL) characterized by focal periventricular necrosis and diffuse white matter gliosis (Fig. 3) ; the necrotic focus was infiltrated by macrophages indicative of the subacute/ organizing stage of PVL (Fig. 3 ). There was diffuse gliosis in the cerebellar white matter as well. Examination of the thalamus, hypothalamus, hippocampi, and cerebellar cortex and roof nuclei were unremarkable. The degree of myelination throughout the brain was age-appropriate in comparison to human autopsy standards [19] .
Brainstem findings
The brainstem and its vasculature appeared well formed upon macroscopic examination; several microscopic findings, however, were present. Transverse sections of the rostral pons of the case and age-related control stained with hematoxylin-and-eosin/Luxol-fast-blue demonstrated significant hypoplasia of the LC neuronal population in the case. Immunohistochemistry performed on serially sectioned brainstem with antibodies to TH confirmed substantial hypoplasia of the LC in the patient due to a marked deficit of TH-immunoreactive neurons compared to an age-related control (Fig. 4) . The TH-neuronal cell density was 4.5 neurons/mm 2 in the patient compared to 16.5 neurons/mm 2 in the control in the LC; it was 1.5 neurons/mm 2 in the patient compared to 3.4 neurons/ mm 3 in the control in A5. This reduction in cell density was not associated with gliosis. The external arcuate nucleus, which normally forms small clusters ventral to the medullary pyramids, appeared as a continuous cap over the ventral surface in sections throughout the medulla (Fig. 5 ). In addition, there was aberrant fasciculation in the nucleus of the solitary tract characterized by one large, one medium, and several smaller fascicles, the latter two were not as myelinated to the degree as the large fascicle (Fig. 5) . Overall, the degree of myelination in the tractus solitarius was immature, as is age-appropriate according to human autopsy standards [19] . There was no gliosis in any brainstem site. The basis pontis, hypoglossal nucleus, trigeminal nucleus, facial nucleus, nucleus ambiguus, oculomotor nuclei, and rostral and caudal raphé neurons were unremarkable. The white matter tracts, including the decussation of the superior cerebellar peduncle, were also unremarkable. Periaqueductal gray sections were not available. Efforts to demonstrate immunocytochemical expression of PHOX2B protein in the brainstem in the case and control were technically unsuccessful with the available PHOX2B antibody (kindly supplied by Jean-Francois Brunet, Developmental Biology Institute of Marseille, France).
Genetic analysis
A chromosome (karyotype) study in the infant was performed clinically and was normal. Microarray analysis to Fig. 2 The cerebral cortex in our patient with Haddad syndrome is remarkable for focal anomalies characterized by hyperconvoluted gyri (arrows) in the frontal lobe (a) with microscopic evidence of short, fused sulci (arrows) (b, c) and focally anomalous lamination with a distinct Layer I but undifferentiated Layers II-VI (asterisk) (c). The deep gray nuclei are unremarkable (a). Hematoxylin-and-eosin detect small deletions was not performed. At autopsy, DNA was extracted from paraffin-embedded brain tissue using the QIAamp DNA Mini Kit (QIAGEN Inc. Valencia, CA, USA) as frozen tissue was not available, and polymerase chain reaction (PCR) was performed using the specific primers to amplify the PHOX2B gene. Extensive efforts to isolate sufficient and technically optimal DNA were unsuccessful and the PHOX2B gene defect thus was not determined. Parental genetic testing was not performed.
Discussion
We report here the neuropathology of a neonatal case of Haddad syndrome whose clinical diagnosis was based upon the combined features of abnormal central chemoreception and severe aganglionosis of the gastrointestinal tract. Importantly, we observed brain findings which mimic in part those of the Phox2b knockout mouse [9, 34] and which have not been previously reported in Haddad syndrome or CCHS, i.e., developmental abnormalities in the LC, A5, and solitary tract. We also observed a developmental abnormality of the arcuate nucleus of the ventral surface of the medulla similar, albeit not identical, to that reported in CCHS previously [13] . Unfortunately, we were unable to prove a PHOX2B mutation in our case due to technical difficulties in DNA extraction from the available formalinfixed tissues; moreover, genetic testing upon the parents was not available. Nevertheless, the clinical phenotype of our case is identical to that of reports of PHOX2B mutations in Haddad syndrome and CCHS [1, 8, 14, 17, 43] ; moreover, patients with Haddad syndrome who have undergone genetic testing have the PHOX2B mutation [38] .
Irrespective of the determination of a specific PHOX2B mutation in our case, however, we found a spectrum of brainstem findings relevant to the regulation of chemoreception based upon extrapolation from animal studies, i.e., in the LC, A5, ventral surface (arcuate nucleus), and nucleus of the solitary tract, that ultimately may be found in subsequent neuropathologic studies of Haddad syndrome to be related to PHOX2B or other genes related to catecholaminergic and/or autonomic and respiratory control, e.g., RET, BDNF, MASH1. The finding of periventricular leukomalacia in our case further suggests that secondary hypoxic-ischemic insults likely compound neurological dysfunction in patients with Haddad syndrome and developmental brainstem abnormalities. Periventricular leukomalacia is a disorder of the immature cerebral white matter that is vulnerable to hypoxic-ischemic insult from midgestation through early infancy [20, 21] . While the peak occurrence of this white matter lesion is in the preterm period, it is well-recognized to occur at term as well, particularly in the setting of cardiopulmonary disorders [20, 21] .The finding in our case of the organizing stage of PVL characterized by infiltrating macrophages in the periventricular necrotic focus indicates a subacute stage, i.e., after a week or more of the insult [20] . Below, we highlight the primary neuropathologic findings in our case in relationship to their clinical and biologic significance.
Abnormalities of brainstem regions implicated in central chemoreception
It has long been recognized that breathing is stimulated by brain acidification and the central chemoreflex [16, 31] . Historically, central chemoreception was thought to be exquisitely localized to the ventral surface of the medulla in the classic L, S, and M regions in cats and rats [16] . Subsequent research with different paradigms indicate, however, that many sites within the brainstem respond to focal acidification in vivo and many types of neurons respond to CO 2 /pH in vitro [6, 7, 10, 15, 16, 18, 24, 25, 28, 30-32, 39, 40] . These regions include the LC [7, 32] , nucleus of the solitary tract [30, 32] , caudal and rostral raphé [25, 39] , retrotrapezoid nucleus [10, 15, 16, 25] , preBötzinger complex [40] , and fastigial nucleus of the cerebellum [28] . Central chemoreceptors provide the ''tonic drive'' to breathe, affect breath-to-breath variability, and modulate other control systems [31] . Yet, controversy exists whether there is a network of central chemoreceptors [31] relying on many types of pH-sensitive neurons, i.e., the so-called ''distributed chemoreception theory'', or rather, a single specialized set of acid-sensitive neurons that drives the anatomically distinct central rhythm generator synaptically, i.e., the so-called ''specialized chemoreceptor theory'' [16] . In the latter theory, Guyenet et al. recently proposed that the retrotrapezoid nucleus at the ventral surface of the rostral medulla contains the most important central chemoreceptors [16] , favoring the specialized chemoreceptor theory, based in part upon the findings in Phox2b knockout mice of a large decrease in the central chemoreceptor response [10] , early mortality [10] , abnormal breathing pattern [10] , 85% reduction of neurons at this site [10] , and the constitutive expression of PHOX2B protein by these neurons [41] . The human homologue of the retrotrapezoid nucleus has yet to be determined, although we suspect it is embedded in the arcuate nucleus of the rostral ventrolateral medulla (Kinney, unpublished observations). This idea is based upon the positional homology of arcuate neurons in the rostral ventrolateral medulla [12] and their glutamatergic phenotype in the majority of neurons [33] . Given the lack of a precisely defined homologue, however, the identification of the retrotrapezoid nucleus in our case was not feasible. Nevertheless, several sites known from animal data to be involved in chemoreception were affected in our case, i.e., LC, A5, ventral medullary surface, and nucleus of the solitary tract (see below), supporting the distributed chemoreception theory. Perhaps the most profound lesion in a brainstem site involved in central chemoreception in our case was hypoplasia of the LC (A6). This nucleus, located in the rostral pons, is the major source of noradrenergic innervation to virtually the entire neuroaxis; this nucleus via its rostral projections is involved in arousal, cognition, attentive behavior, and sleep-wake cycles, and via caudal projections, in the control of the cardiovascular and respiratory systems [7, 18, 24] . Local tissue acidosis in the region of the LC produced by injections of acetazolamide significantly increases phrenic nerve activity; in addition, LC neurons in vitro are sensitive to carbon dioxide [7, 24, 32] . Given the functional anatomy of the LC, we speculate that the LC is a site of interface of chemoreception with arousal, attention, and cardiorespiratory control; experimental studies support this idea by the demonstration that brainstem catecholamine neurons promote wakefulness, participate in central chemoreception, stimulate breathing frequency, and minimize breathing variability in REM sleep [24] . The gene knockout studies in mice have shown that Phox2b is critical for the formation of the LC in fetal development [34] . In our case, the lack of proper formation of the LC likely contributes to impaired central chemoreception. An underpopulation of TH-neurons is also suggested in A5 as well as the LC in our case. This bilateral site in the ventrolateral tegmentum of the caudal pons is comprised of TH-neurons involved in sympathetic tone and the modulation of respiratory-related neurons, in part via projections to chemosensitive populations on the ventral medullary surface [6] .
The nucleus of the solitary tract, like the LC, is implicated in central chemoreception [30, 32] . Its central neurons have also been shown to respond to both local changes in CO 2 and acidification in vitro and in vivo [30, 31] . We observed aberrant fasciculation of the tract in the nucleus of the solitary tract in our case, which likely represents a developmental anomaly in path finding and fascicle formation. Of note, the degree of myelination appeared appropriate in these aberrant fascicles compared to human autopsy standards that indicate that the solitary tract is a ''slow-myelinator'' that has yet to attain mature myelination in infancy [19] . Like the LC, the nucleus of the solitary tract fails to develop properly in Phox2b knockout mice [9] . In the mutant, the anomaly of the NTS consists of lack of its development, compared to abnormal fasciculation in our case. The structural anomaly of fasciculation in our case suggests defective processing of oxygen and carbon dioxide levels as they interface with visceral sensory input and cardiorespiratory function.
A third site of putative chemoreception in the human brainstem is the arcuate nucleus, and aplasia or hypoplasia of this site has been reported in CCHS [13] . Embedded within the arcuate nucleus are serotonergic and glutamatergic neurons that in animals are specifically implicated in the cellular responses to carbon dioxide [33] . This nucleus forms from the germinal tissue of rhombic lip at the lateral pontomedullary junction; neurons migrate along the ventrolateral surface to form the arcuate nucleus at approximately 12 gestational weeks, with a second wave from the basis pontis over the ventral surface at approximately 20 weeks [11] . Initially, the arcuate nucleus is a continuous sheet of neurons overlying the entire pyramids at midgestation, but by the end of gestation, it forms clusters of 3-10 neurons that are ''studded'' along the pyramids. The defect in our case of a ''sheet'' of neurons at the ventral surface, potentially arrested at the midgestation stage, differs from aplasia or hypoplasia previously reported in CCHS but likely reflects a phenotypic difference based upon the specific gene mutation. Of note, the developmental nature of the lesions in the LC, solitary tract, and arcuate nucleus and the lack of gliosis suggest in our case that all of these lesions arise in the formation of the brainstem in utero and are not acquired, e.g., secondary to hypoxia-ischemia. A previous report of an 8-month-old with CCHS described mild generalized decrease in neuronal density and myelinated fibers in the ''respiratory centers'' of the medullary reticular formation that were attributed to a sublethal intrauterine lesion directly related to the functional abnormality in breathing [26] . A second report of a 2-year-old boy described slight to marked gliosis in the medullary reticular formation, nucleus of the solitary tract, and dorsal motor nucleus of the vagus in association with an intact arcuate nucleus that was attributed secondary to hypoxia [5] . It is likely that a spectrum of pathology exists that reflects the variations in the gene mutations and variability of secondary insults.
Cranial nerve nuclei pathophysiology
Despite the clinical finding of absent pupillary reflex and ptosis in this case, we found no obvious abnormalities of the cranial nerve three nuclei. Similar to the pathophysiology of Horner syndrome, the ptosis in this case may result from a functional sympathectomy to the eye secondary to atrophy or dysfunction of a PHOX2B-dependent superior cervical ganglion and ciliary ganglion. The restricted autopsy prevented the examination of the peripheral nervous system in our case. We did not observe morphological abnormalities in the trigeminal, facial, and ambiguous nuclei that could help explain the patient's clinical deficits in related cranial nerve dysfunction.
Discrepancies between the neuropathologic findings in our case of Haddad syndrome and neuroimaging studies Conventional magnetic resonance studies have failed to define brainstem pathology in CCHS [44] . In a recent study of adolescent cases of CCHS, however, major structural abnormalities in the brainstem and cerebellum of the CCHS cases were reported based upon the superimposition of axial and radial diffusivity maps with diffusion tensor imaging [22] . Brainstem changes involved the lateral medulla, basis pontis, dorsal midbrain, oculomotor nuclei, periaqueductal gray, rostral raphé, and decussation of the superior cerebellar peduncle [22] . There was also injury in cerebellar structures, i.e., cerebellar cortex and deep (roof) nuclei and superior and inferior cerebellar peduncles [22] . This neuroimaging study did not demonstrate abnormalities in the LC or nucleus of the solitary tract which, given the microscopic nature of the findings in the Phox2b mutant and our case, is below the level of detection by these imaging techniques. In addition, cerebellar abnormalities as extensive as that demonstrated by diffusion tensor imaging in this series of CCHS patients neither have been reported in the Phox2b knockout mouse, nor did we observe cerebellar abnormalities in our case. We also did not find abnormalities in our case in the lateral medulla, basis pontis, dorsal midbrain, oculomotor nuclei, rostral and caudal raphé, or decussation of the superior cerebellar peduncle; sections of the periaqueductal gray were not available. The potential discrepancies between the neuroimaging and autopsy findings among CCHS cases likely reflect a heterogeneous group of disorders underlying CCHS and/or spectrum of abnormalities, which is not present in toto in every case. In addition, it is possible the neuroimaging studies detect functional abnormalities that are not apparent upon histopathologic examination at autopsy. Nevertheless, genotyping will be important in establishing clinical subtypes of CCHS and in deciphering the role of specific mutations in the pathogenesis of a particular cellular phenotype. In this regard, genotyping was performed or technically successful in only one-third of CCHS cases reported in the diffusion tensor imaging study [22] , and was unsuccessful in our case.
Cerebral cortical anomalies
In our case, we found cortical anomalies in gyral development, notably in the frontal and temporal lobes. In the frontal cortex, we observed foci of abnormally thick and hyperconvoluted gyri. While these anomalies may be due to (unrecognized) intrauterine acquired insults, e.g., hypoxia-ischemia, or alternatively, due to the genetic defect itself, we speculate that they are secondary, at least in part, to the deficiency of the trophic influence of noradrenergic innervation from the LC during cortical development. Parenthetically, such cortical anomalies have not been described in the Phox2b mutant mice. Noradrenergic fibers from the LC innervate the developing cerebral cortex very early in embryonic development [23] and exert an important trophic influence upon the developing cortex [2, 23] ; mice lacking vesicular monoamine transporters, for example, display cytoarchitectural anomalies within the somatosensory cortex [2] . Of note, was the finding of small superior temporal gyri, which has likewise been reported in a previous autopsy case of CCHS in infancy [26] . The clinical significance of this finding is unknown, particularly as chemosensory sites have not been reported in superior temporal gyri, i.e., temporal lobe components of the limbic system. The application of hypoxic challenges in CCHS, however, results in functional imaging changes within limbic sites, as well as the cerebellum and brainstem [27] . While the superior temporal lobe has not been specifically implicated to our knowledge in chemoreception, our case suggests that this site should be specifically sought as an abnormal limbic site in future neuroimaging studies of Haddad syndrome and CCHS. A developmental abnormality in overall brain growth is suggested by the increased brain weight at autopsy in our patient, but the effects of agonal changes (vascular congestion, cerebral edema) cannot be excluded.
Conclusion
The involvement in our case of neonatal Haddad syndrome of at least three brainstem regions known to regulate responses to carbon dioxide suggest the possibility that Haddad syndrome and CCHS involve a network of critically related chemosensitive sites rather than one specific site, and that these sites are likely to mediate different aspects of central chemoreception related to the function of the each individual nucleus within the network. Based upon extrapolation to the Phox2b knockout mouse, the brainstem anomalies reflect development, which is altered in some way by PHOX2B and its functions related to the cellular proliferation, migration, differentiation and/or pathfinding and fasciculation of the affected sites, which occurs or begins during gestation. In turn, the cortical anomalies likely reflect abnormal noradrenergic innervation from the LC and its trophic influence upon cortical development. This case underscores the important role of detailed neuropathologic examination to elucidate the pathogenesis of Haddad syndrome and CCHS.
